Hydrocephalus is a treatable but potentially fatal complication that has not been previously described in congenital Zika syndrome (CZS).
Z ika virus (ZIKV) is an arthropod-borne virus of the Flaviviridae family that can cause a mild febrile illness with maculopapular rash, joint pain, and conjunctivitis. 1 The first report of ZIKV infection in Brazil was in 2015, 2 and a dramatic increase in cases of microcephaly was subsequently detected, especially in the northeast of the country. In April 2016, the causative relationship between microcephaly and ZIKV was established. 3 The clinical spectrum of congenital Zika syndrome (CZS) is not completely understood, and confirmed cases presenting with less severe manifestations have been described. 4 Presentations of CZS go beyond microcephaly to include other clinical patterns, such as retinal abnormalities with visual impairment, 5 hearing loss, 6 and limb abnormalities, such as arthrogryposis. 7 This article describes, for the first time to our knowledge, a series of infants with CZS who developed hydrocephalus, discusses possible causes for this expansion of the clinical phenotype, and suggests that repeated neuroimaging may be necessary to detect this complication.
Methods
Patients with CZS are followed up as part of a descriptive study at 2 reference centers in Brazil: the Association for Assistance of Disabled Children of Pernambuco (in Recife) and Albert Sabin Childreń s Hospital, Ceará (in Fortaleza). As part of this study, patients were identified retrospectively who developed hydrocephalus and underwent ventriculoperitoneal shunt (VPS) surgery as part of routine care. On initial investigation, all patients underwent detailed physical and neurologic evaluations and brain imaging by nonenhanced head computed tomography (CT) or nonenhanced magnetic resonance imaging (MRI) of the head. On follow-up after 3 months of age, patients with CZS with clinical suspicion of developing hydrocephalus or unexplained worsening of other signs and symptoms, underwent repeated brain imaging. As these evaluations pointed toward an actual risk for developing hydrocephalus, we decided to systematically proceed with repeated imaging of all patients at approximately 10 months of age.
Inclusion Criteria
The diagnosis of CZS was established under the following criteria: (1) a brain imaging result suggestive of congenital infection, (2) a full negative investigation for the main causes of congenital infections producing microcephaly, and (3) detection of anti-Zika antibodies in serum and/or cerebrospinal fluid (CSF) in either the Zika IgM antibody capture enzyme-linked immunosorbent assay (Zika MAC-ELISA) and/or the plaque-reduction neutralization testing (PR-NT). 8 Samples of CSF and serum from patients with CZS
were tested for ZIKV infection by real-time quantitative reverse-transcription polymerase chain reaction 9 and by IgM-antibody MAC-ELISA. 8 A PR-NT for anti-ZIKV IgG was performed when the MAC-ELISA test result for anti-ZIKV antibodies was negative in patients with cases clinically compatible with CZS. The samples were collected at the time of suspicion of microcephaly during the early newborn period and afterward, during neurosurgery.
Additional CSF Studies
The CSF samples from patients from whom such samples were available were analyzed for total protein content and protein electrophoretic separation. Four patients had additional total cell counts analyzed.
Brain Image Analyses
Initial nonenhanced head CT scans were performed during the ZIKV outbreak in different radiology centers and with different CT equipment (with slice detectors varying from 6 to 64 images on initial CT scan), making the imaging impossible to standardize. The follow-up nonenhanced head CT scans were all performed in 4 radiology centers. The images were analyzed by 3 physicians (V.v.d.L., N.C.d.L.P., and A.N.H.) in 2 meetings. The initial and follow-up CT images from each patient were analyzed side by side at a workstation, after adjustments of window, slice thickness, and planes, to equalize the images as completely as possible. The 3 physicians answered questions at the same time, together, using a form created by the authors. Initial CT scans were reviewed for presence and location of brain calcifications; malformations of cortical development, if present, were noted, as well as prominence of occipital bone. Increased extraaxial CSF spaces, cerebellum or brainstem hypoplasia, enlarged cisterna magna, reduced cerebral volume, or ventriculomegaly were further classified as mild, moderate, or severe.
Cerebral ventricular size, cerebral volume, extra-axial CSF spaces, and cisterna magna size were evaluated on follow-up CT scans and recorded as unchanged, reduced, or increased. The degree of prominence of the occipital bones and separation of the cranial sutures was also assessed.
Ethical Issues
All medical investigation procedures described were conducted as part of standard clinical care. Signed informed con-
Key Points
Question Can hydrocephalus be part of the clinical spectrum of congenital Zika syndrome?
Findings This case series describes 24 patients who developed hydrocephalus between 3 and 18 months of age and had at least 1 test positive for anti-Zika antibodies, including 14 who had symptoms and signs suggestive of hydrocephalus, 18 who had cerebellar or brainstem hypoplasia at baseline, and 2 who had no such symptoms but were found to have reduced brain volume on repeated imaging; at a second computed tomographic scan, all showed marked increases of ventricular volume and reduction of brain tissue.
Meaning Hydrocephalus may be a complication of congenital Zika syndrome with presenting signs and symptoms that are challenging to recognize; monitoring for it, including assessing the potential harbinger of cerebellar or brainstem hypoplasia, should be part of the standard care of patients with this condition.
sent was obtained for publication of images presented in this article from parents of patients as part of our ongoing longitudinal studies of CZS, which were approved by the ethics boards of Association for Assistance of Disabled Children (Recife) and Albert Sabin Childreń s Hospital (Fortaleza).
Statistical Analysis
Descriptive statistical analyses were performed using SPSS version 24 (IBM). A significance level of .05 (2-sided) was used for all hypothesis tests.
Results

Patient Presentation and Demographics
Our longitudinal studies of patients with CZS include a total of 308 individuals in Recife, Pernambuco, Brazil (n = 198) and Fortaleza, Ceará, Brazil (n = 110). Of these, 24 patients (7.8%) had a confirmed diagnosis of hydrocephalus with suggestive signs of increased intracranial pressure and underwent VPS neurosurgery. Dates of birth of patients with CZS and hydrocephalus ranged from October 2015 to November 2015. Twenty-one of the 24 patients (88%) were followed up in the state of Pernambuco, and the remaining 3 (13%) in the state of Ceará. Three patients (13%) were born at preterm gestation, and 21 (88%) at full term. The age of patients who fulfilled inclusion criteria for CZS with hydrocephalus were between 3 to 18 months of postnatal life. Thirteen patients of 24 (54%) were female. During VPS placement, all patients had CSF collected for further analysis. The MAC-ELISA test was performed on the CSF collected during the surgical procedure from all patients, resulting in positive findings in 23 (96%) and a negative finding in 1 (4%). Seven of 24 patients (29%) had CSF collected during the surgery analyzed for quantitative reverse-transcription polymerase chain reaction for ZIKV; all were negative. Fifteen of 24 patients' mothers (60%) described experiencing cutaneous rashes consistent with ZIKV between the second and seventh gestational month, of whom 1 (7%) experienced this at the first trimester, 10 (67%) in the second trimester, 2 (13%) at the third trimester, and 2 (13%) without clear information on trimester. Sixteen of 24 newborns (67%) had appropriate weight for gestational age. In all patients, microcephaly and craniofacial disproportion were diagnosed at birth. Seventeen of 24 newborns (71%) had a prominent occipital bone protuberance at birth, detected by direct clinical assessment and confirmed by CT scan; 20 of 24 (80%) had redundant skin on the scalp.
Clinical Signs and Symptoms of Hydrocephalus
At the time of hydrocephalus diagnosis, 14 of 24 infants (58%) had symptoms and signs suggestive of hypertensive hydrocephalus, mainly vomiting, irritability, and/or sudden increases in head circumference percentile. Nonspecific neurological symptoms and signs of hydrocephalus were present in 8 of 24 patients (33%). Worsening seizures was the most frequent symptom, present in 13 patients (54%). Only 1 patient (4%) presented with vertical gaze palsy. Two of 24 patients (8%) did not present clear clinical signs for the diagnosis of hydrocephalus but presented with reduction of brain volume on repeated imaging. In Figure 1 , we show the imaging examinations of 1 of these patients, with a progressive loss of the cerebral parenchyma, associated with an increase in the ventricles on examination at birth, 1 month of age, and 11 months of age, despite not presenting at the clinic with intracranial hypertension. Surgery was needed to preserve the remainder of the parenchyma.
Considering the marked increase in ventricular size, only 5 patients (21%) presented with sudden growth of head circumference at the time of hydrocephalus diagnosis, and 2 of 24 (8%) reached an age-appropriate head circumference, while 22 of 24 (92%) remained microcephalic. All patients were noted to have CSF flowing steadily out of the dura mater during surgical entry into the subarachnoid space at the time of the VPS placement, suggesting high-pressure hydrocephalus.
Other Neurologic Disability
All 24 patients presented with severe neurological disorders with cognitive dysfunction, no interaction with the environment, and no motor skills. Dysphagia was evident in all patients. Twenty-three of 24 (96%) had epilepsy. Arthrogryposis was diagnosed in 7 of 24 patients (28%). Table 1 summarizes the clinical features of the patients, with additional details presented in eTable 1 and eTable 2 in the Supplement. All patients presented improvement of the symptoms after the VPS surgical procedure.
CSF Analysis Results
Sixteen of 21 patients (76%) with CSF available had their samples analyzed for total protein content and electrophoretic separation. In 14 of the 16 patients (88%), we found protein content to be normal; in 2 patients (13%), protein analysis was not possible owing to blood contamination and hemolysis in the sample. The results from electrophoretic separation were obtained from 13 samples, showing normal γ globulin, prealbumin, albumin, and α-1 and α-2 globulin fractions. Notably, in 4 patients, increased levels of β-globulin were detected. Additionally, total cell counts were performed in 4 samples and were normal. eTable 3 in the Supplement shows the main findings of the CSF analysis.
Brain Imaging
Brain images of all patients revealed malformations of cortical development and a pattern of calcifications variable in size, shape, and distribution, predominantly in the cortex and subcortical white matter (especially in the transition between the cortex and white matter). Eighteen of 23 (78%) had cerebellar or brainstem hypoplasia, and 18 patients (78%) had enlargement of the cisterna magna, including 6 with enlarged fourth ventricles. On the second CT scan, all patients showed marked increase of the ventricular volumes (including in the third and fourth ventricles in 16 of 23 patients [70%]), compatible with diffuse reduction of brain mass, together with surgically establishing communicating hydrocephalus. Representative images of patients with CZS who had hydrocephalus are shown in the eFigure in the Supplement. Most patients (n = 19) became relatively more microcephalic, despite the onset of hydrocephalus. Five patients had increases in their z scores with the onset of hydrocephalus, with 2 patients achieving normal-ization of the z score to −2 SD or better. The comparative head circumference z scores at birth and at diagnosis of hydrocephalus are shown in Figure 2 . Several patients had change of their head contour with the onset of hydrocephalus, as shown in Figure 3 .
One patient had only 1 imaging study, obtained at the time of hydrocephalus diagnosis and characterized by a malformation of cortical development with thin cerebral cortex, severe ventriculomegaly, and calcifications in the cortical and subcortical white matter and the basal ganglia. This patient also had severe hypoplasia of brainstem and cerebellum with an enlarged cisterna magna. Table 2 summarizes the brain imaging findings.
Discussion
We present 24 patients with CZS who developed hydrocephalus and underwent VPS surgery. The association of severe microcephaly with hydrocephalus in some infants with CZS is surprising, and it is important for clinicians who care for children with CZS to be aware of this potential complication. Our observations stem from clinical access to the largest group of oldest surviving patients with CZS in Brazil. Consequently, we are continually gaining new insights into the evolution and the natural history of this disease, its clinical spectrum, and its pathophysiology.
It is almost a century since Dandy 10 made the first experimental studies on hydrocephalus, but in most cases the underlying mechanism remains unknown. The conventional view is that CSF malabsorption owing to hindrance of the CSF circulation causes either obstructive or communicating hydrocephalus. Analyses of the intracranial hydrodynamics associated with the pulse pressure show that this is an oversimplification.
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Acute hydrocephalus is caused by an intraventricular CSF obstruction in accordance with the conventional view. In contrast, it has been suggested that chronic hydrocephalus is caused by decreased intracranial compliance.
10,11 Congenital and neonatal hydrocephalus can be caused by a wide variety of developmental abnormalities or insults, including congenital infection.
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Both Taxoplasmosis gondii and cytomegalovirus have the potential to infect the developing fetus and have been identified as causes of congenital and neonatal hydrocephalus. 13 Hydrocephalus in patients with congenital toxoplasmosis has traditionally In patients with CZS who have been autopsied, the presence of virus particles in central nervous system cells was demonstrated by electron microscopy as well as genomic sequencing, 27,28 implying that viral clearance was not achieved in the fetus after primary maternal infection. Aid et al 29 showed that ZIKV can persist in CSF and lymph nodes of infected rhesus monkeys for weeks after the virus has been cleared from peripheral blood, urine, and mucosal secretions and that viral persistence in both CSF and lymph nodes correlated with the upregulation of mechanistic target of rapamycin kinase, proinflammatory, and antiapoptotic signaling pathways, as well as the downregulation of extracellular matrix signaling pathways. However, they did not detect ZIKV-specific antibodies in CSF.
The fact that we have demonstrated the presence of antiZika IgM antibodies in the CSF collected during VPS surgery in 96% of the patients in this study may be considered evidence that ZIKV antigen presentation occurs in the intrathecal space, perhaps owing to the development of tertiary lymphoid organs in situ. 30, 31 This antibody response is conceivably connected with an evolving immune sensitization to ZIKV antigens rather than to a virus-triggered inflammatory reaction because of the absence of visible necrosis in the imaging studies and the lack of other inflammatory findings as described in the literature. 25, 27 As shown in eTable 3 in the Supplement, the CSF analysis obtained during VPS surgery showed no evidence of ongoing inflammatory response as measured by cell count and protein concentration in the cases in which these parameters could be analyzed. In addition, autophagic behavior and modulation of apoptotic genes in host cells has been demonstrated experimentally 32-34 as a survival strategy of the flavivirus, because preservation of the host cell alive assures virus persistence and replication.
Considering that a relatively low-grade, persistent ZIKV infection in the central nervous system of surviving infants may exist, it would allow persistence of the pathologically induced apoptosis process over time. This candidate mechanism could be implicated in the observed progressive de- crease in the size of the brain mass seen on follow-up CT scans, while the production of CSF remains active. Together, these mechanisms would lead to progressive enlargement of ventricular cavities, evolving toward the severe hydrocephalus that we have so far observed. With its slow progression, this ongoing dilation may be classified as a chronic hydrocephaluslike condition 11 in which the expansion of space occupied by CSF will overcome the complacency of the brain in compensating for the CSF hydrostatic pressure, thereby determining the hypertensive intracranial status. We also suggest that the progressive increase in CSF pressure may contribute additional harm to the central nervous system and cause stretching and loss of brain mass directly as a result of both its physical compressive effect and by opposing or overcoming blood perfusion pressures. In this context, the main mechanisms that physiologically regulate the turnover of CSF (including its production at choroid plexuses, venous absorption by dural Pachionian granulations, the inflow of CSF through the periarterial pathway toward the neuropil, and the outflow of CSF and interstitial fluid throughout the paravenous vessels pathways of the lymphatic system 35-39 )
would hardly be impaired because of the progressive regression of brain mass structures as a whole. Considering the imaging findings, we infer that these losses include neurons and astroglia in parallel with their attendant vascular framework. Additionally, the outflow that connects the paravenous system, with the recently described dural lymphatic system draining into deep cervical lymph nodes, 37,40 would likely also be impaired by the increased hydrostatic pressure determined by the CSF constraint. To summarize, the evolution of the initial phenotype of microcephaly with ventriculomegaly to the later phenotype of severe hydrocephalus and probably high intracranial pressure is very likely multifactorial in nature. Magnetic resonance imaging of some cases of this series showed an imaging pattern of variable degree in the severity and shape of cerebellar hypoplasia, while other patients had findings of a significant enlargement of the cisterna magna. In these cases, we may postulate a coexisting association of some degree of CSF overproduction and/or malformative points of obstructed CSF resorption. In addition, another possible mechanism of hydrocephalus in these patients is the enlargement of the fourth ventricle resulting in obstruction of the fourth ventricular outflow pathways through the lateral and median foramina, resulting in a counterclockwise rotation of the extremely hypoplastic cerebellum. In such cases, the cerebellum would be more likely involved and therefore tend to be small, with the fourth ventricle enlarged. As a result of the tetraventricular hydrocephalus, these patients may be less severely affected by microcephaly, and they would be expected to have a thin cerebral mantle.
We report here the increase in β-globulin in CSF in some patients with CZS (eTable 3 in the Supplement). The increased CSF β-globulin concentration is attributed to intra- 31 In the present cases, the CSF analysis did not show increases in other defined inflammatory parameters, such as total protein concentration and cell counts. We therefore infer that increased β-globulin in some cases may be not correlated with significant exudative inflammatory reaction in the central nervous system but could result from progressive apoptosis and associated microglial activation.
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Finally, clear clinical signs and symptoms of hydrocephalus were not always present in the included patients, suggesting the need for routine central nervous system reimaging after a few months of life or in the presence of clinical worsening, even with nonspecific symptoms. Further studies are required to determine the overall risk of hydrocephalus in patients with CZS, if there is an age of maximal risk, and methods for early detection. Long-term follow-up is also needed to determine the benefits of surgical intervention. Our data indicate that the clinical picture of CZS has not yet been fully defined, and the possibility of hydrocephalus in the setting of severe microcephaly should be appreciated by clinicians caring for these children. 
